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Gene transfer into hematopoietic stem cells reduces HLH manifestations
in a murine model of Munc13-4 deficiency

Tayebeh Soheili,"? Amandine Durand,’>* Fernando E. Sepulveda,®3* Julie Riviére," Chantal Lagresle-Peyrou,’> Hanem Sadek,'?
Geneviéve de Saint Basile,?2 Samia Martin,* Fulvio Mavilio,* Marina Cavazzana,"?® and Isabelle André-Schmutz'2

"Human Lymphohaematopoiesis Laboratory, INSERM U1163, Paris, France; 2Univers.ity of Paris Descartes—Sorbonne Paris Cité, Imagine Institute, Paris, France; 3Normal and
Pathological Homeostasis of the Immune System Laboratory, INSERM U1163, Paris, France; “Généthon, Evry, France; and 5Biotherapy Clinical Investigation Centre, Necker
Children's Hospital, Paris, France

m Patients with mutations in the UNC13D gene (coding for Munc13-4 protein) suffer from
familial hemophagocytic lymphohistiocytosis type 3 (FHL3), a life-threatening immune and
* UNC13D gene transfer hyperinflammatory disorder. The only curative treatment is allogeneic hematopoietic
into HSCs corrects all
clinical and biological
signs of HLH in a
mouse model.

stem cell (HSC) transplantation, although the posttreatment survival rate is not satisfactory.
Here, we demonstrate the curative potential of UNC13D gene correction of HSCs in a
murine model of FHL3. We generated a self-inactivating lentiviral vector, used it to
complement HSCs from Unc13d-deficient (Jinx) mice, and transplanted the cells back into

*Munc13-4 is expressed the irradiated Jinx recipients. This procedure led to complete reconstitution of the immune
in mature CD8" T cells

allowing the correction
of cytotoxic activity and
consequently efficient
viral restriction.

system (ie, to wild-type levels). The recipients were then challenged with lymphocytic
choriomeningitis virus to induce hemophagocytic lymphohistiocytosis (HLH)-like
manifestations. All the clinical and biological signs of HLH were significantly reduced in
mice having undergone HSC UNC13D gene correction than in nontreated animals. This
beneficial effect was evidenced by the correction of blood cytopenia, body weight gain,
normalization of the body temperature, decreased serum interferon-y level, recovery of
liver damage, and decreased viral load. These improvements can be explained by the
restoration of the CD8" T lymphocytes’ cytotoxic function (as demonstrated here in an in
vitro degranulation assay). Overall, our results demonstrate the efficacy of HSC gene
therapy in an FHL-like setting of immune dysregulation.

Introduction

Mutations in the UNC 13D gene (coding for Munc13-4 protein, one of the components of the perforin-
dependent cytotoxicity apparatus) cause familial hemophagocytic lymphohistiocytosis type 3 (FHL3).
This condition accounts for up to 30% to 35% of all cases of FHLs." Munc13-4 helps to prime
perforin-containing, cytotoxic granules before they fuse with the plasma membrane at the immuno-
logical synapse, and it's defect results in defective cytotoxic granules exocytosis.> Hemophagocytic
lymphohistiocytosis (HLH) is a rare hyperinflammatory syndrome that is characterized by (1) the
uncontrolled activation of macrophages and lymphocytes, and (2) a life-threatening cytokine storm, which
together elicit hallmark features like nonremitting fever, pancytopenia, coagulopathy, hyperferritinemia,
hemophagocytosis, and liver dysfunction.® The short-term treatment of HLH is based on immunosup-
pression, whereas the only long-term, potentially curative treatment is allogeneic hematopoietic stem cell
transplantation (HSCT).2
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Our previous work on T cells from FHL3 patients demonstrated that
lentiviral vector (LV)—derived expression of Munc13-4 protein was
able to rescue in vitro and in vivo cytotoxic functions, highlighting
T cells as a putative target for UNC 73D gene correction and thus
the curative treatment of HLH.* Based on the outcomes of HSCT in
FHL patients, T-cell chimerism of at least 10% to 15% is required
for efficient remission of HLH.%® Hence, the T cells’ transduction
efficiency is a key parameter in this strategy. We demonstrated that,
by using a new lentiviral pseudotype (such as the H/F-envelope),
high levels of T-cell transduction can be achieved.* However, more
preclinical studies are needed to further support the use of these
new LVs in future clinical trials. In this context, the genetic correction
of autologous hematopoietic stem cells (HSCs), which has provided
convincing evidence of successful treatment of hematopoietic
disorders,”® could be proposed for FHL3 patients. This strategy
should be a more rapidly available therapeutic option than T-cell
strategy with new LVs and would avoid the major complications
associated with allogeneic HSCT.

Several mouse strains carrying defects in the lymphocyte granule-
dependent cytotoxicity pathway have already been validated as
models of human HLH.>'2 Of note, none of these mutant mouse
strains develops HLH spontaneously, and they have to be infected
with a viral trigger (ie, lymphocytic choriomeningitis virus [LCMV]) in
order to develop HLH-like symptoms. Although the development of
HLH in all these mouse strains is mainly because of the
hyperactivation of T lymphocytes and high levels of interferon-y
(IFN-v) secretion that subsequently induce macrophage activation,
the severity of the clinical and immunological manifestations of HLH
differ from one model to another. Hence, perforin- and Rab27-
deficient mice develop the most severe HLH-like disease, whereas
Munc13-4- and STX-11-deficient strains present a less severe
phenotype.'"'® In the present study, we used a previously
described Munc13-4-deficient strain (the Jinx mice) as a model of
FHL3.'* After LCMV infection, Jinx mice develop nonfatal HLH
characterized by a striking increase in CD8 T-cell activation,
leukopenia, anemia, a sustained elevation of serum IFN-y levels,
and failure to control viral infection.'* Using this model, we showed
that gene correction of murine Munc13-4-deficient HSCs (through
a self-inactivating LV expressing a human UNC173D transgene)
restored a functional immune system and effectively alleviated the
HLH-like manifestations. Our encouraging preclinical results
emphasize the feasibility of HSC gene therapy for FHL3, using an
LV designed for clinical application in humans.

Materials and methods

Animal experiments and the induction of HLH via
LCMV infection

C57BL/6) mice were purchased from Charles River Laboratories
(Sulzfeld, Germany). Jinx mice harboring a homozygous mutation in
Unc13d gene have been described elsewhere'* and were kindly
provided by Genevieve de Saint Basile (Imagine Institute, Paris, France).

The WE strain of LCMV was kindly provided by Maries van de Broek
and Rolf Zinkernagel (University of Zirich, Zirich, Switzerland).
Control and gene-therapy-treated mice received a single intraper-
itoneal injection of 200 pfu of LCMV. Blood counts were checked
after infection using an automated cell counter (Scil Vet abc Plus,
ABX HORIBA). Serum levels of alanine transaminase and aspartate
transaminase were determined using the VetTest Chemistry
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Analyzer (IDEXX Laboratories, Westbrook, ME). The serum levels
of IFN-y and other cytokines were determined using an enzyme-
linked immunosorbent assay kit (eBioscience, San Diego, CA). We
received the authorization to realize experiments using animals
(mouse) from the French Ministry of National Education, Higher
Education and Research under the reference number 05309.02.

Transduction and transplantation of Scal™ cells

Bone marrow cells were harvested from femurs and tibias. Scal™
progenitor cells were isolated using an anti-phycoerythrin (PE)
Microbeads kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The
Scal™ progenitors were prestimulated overnight in StemSpan serum-
free expansion medium (SFEM) medium (StemCell Technologies,
Grenoble, France) supplemented with 5% fetal bovine serum (for
mouse B lymphoid, StemCell Technologies) and 1% gentamycin
(GIBCO) with murine cytokines (100 ng/p.L stem cell factor, 100 ng/pL
Fms-like tyrosine kinase 3-ligand, 100 ng/p.L thrombopoietin, 50 ng/pL
interleukin-6 (IL-6), and 10 ng/uL IL-11 [all from Peprotech, Rocky Hil,
NJ]), and then transduced at a multiplicity of infection of 100 with
Munc13-4- or green fluorescent protein (GFP)-expressing LVs for
12 hours. Bulk transduced cells were harvested on the following day
and then injected into the retro-orbital sinus of sublethally irradiated
(7 Gy) Jinx mice between 6 and 8 weeks of age. Each animal
received 2.5 X 10° bulk transduced Scal™ cells.

The in vitro degranulation assay

Splenocytes from noninfected and infected mice were isolated and
incubated in StemSpan SFEM medium (StemCell Technologies)
supplemented with 5% fetal bovine serum (for mouse B lymphoid,
StemCell Technologies), 1% gentamycin (GIBCO), 1% N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid (GIBCO), 50 U/mL murine
IL-2, and anti-CD107a-PE antibodies (clone: 1D4B; Sony Bio-
technology, Champaign, IL) in absence or presence of 3 pg/mL
coating anti-murine CD3 antibody (clone: 500A2; BD Bioscience,
San Jose, CA). After a 3-hour incubation at 37°C, cells were stained
with murine CD3-allophycocyanin (APC) and CD8-BV421 antibodies,
and the viability dye 7-aminoactinomycin D. Flow cytometry analysis
was performed using a MACSQuant analyzer (Miltenyi Biotec).

Antibodies and flow cytometry

Fluorochrome-conjugated anti-mouse CD45.1 APC-Cy?7 (clone: A20),
CD45.2 PC7 (clone: 104), CD3 APC-Cy7 (clone: 145-2C11), and
CD19 PC7 (clone: 6D5) antibodies were from Sony Biotechnology.
Anti-mouse anti NK1.1 V450 (clone: PK136) and CD11B APC (clone:
M1/70) were from BD Biosciences. Flow cytometry analysis was
performed using a MACSQuant analyzer (Miltenyi Biotec), and data
were analyzed using Flow Jo version 10.0.7 (Tree Star, Ashland, OR).

Vector copy number (VCN) count and messenger RNA
(mRNA) expression

Genomic DNA was isolated from splenocytes using a Wizard
Genomic DNA Purification kit (Promega, Madison, WI). Real-time
quantitative polymerase chain reactions (qPCRs) were performed with
TagMan probes design to detect a lentiviral sequence (Psi) and a
sequence on murine genome (Titine). Serial dilutions of DNA plasmid
containing the Psi and Titine sequences were used to plot a standard
curve. Samples and serial dilutions were run in duplicate.

Total RNA was harvested from splenocytes with a RNeasy Micro Kit
(Qiagen, Courtaboeuf, France) and then reverse-transcribed with a
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Figure 1. Chimerism and immune system reconstitution in Jinx mice after transfer of the human UNC13D gene into murine HSCs. (A) A schematic
representation of the transplantation and infection protocol in mice. Sublethally irradiated (7 Gy) Jinx 45.1/2 recipients were reconstituted with Scal* murine HSCs transduced
with a Munc13-4- or GFP-expressing LV from Jinx 45.2 mice (the J/Munc and J/GFP groups, respectively) or nontransduced Scal™ cells from B6 45.1 mice (the J/B6 group).
Each mouse received total number of 2.5 X 10° Scal™ cells. Mice 4 to 6 months posttransplantation were infected with LCMV (intraperitoneal injection, 200 pfu). Euthanasia
time: 14 days after LCMV infection. (B) Flow cytometry analysis showing that more than 90% of the cells in the bone marrow and spleen were derived from the donor in all
groups at euthanasia. (C) Flow cytometry analysis of various spleen cell subsets in the control groups (B6 and Jinx mice) and transplanted groups. Data are presented as the
mean * standard deviation percentage (first graph) and the absolute count (second graph) for each subset within the spleen. B6 (n = 10), Jinx (n = 10), JJGFP (n = 8), J/B6
(n = 11), and J/Munc (n = 12). *P < .05 using unpaired Student ¢ test. (D) Flow cytometry analysis of Munc13-4/GFP (optimized human Munc13-4 fused to GFP) expression

in Scal™ cells, 48 hours after transduction (n = 3 mice).
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Figure 2. Human Munc13-4 transgene integration and expression. (A) The transgene VCN and mRNA expression were measured by gqPCR in the J/Munc group

(absolute and relative amounts, respectively), and the result is presented as a correlation graph (r = 0.52; P = .04). (B) Flow cytometry analysis showing expression of the

Munc13-4/GFP fusion protein 4 to 6 months after transplantation in the bone marrow (BM) for Sca1™ cells and in the spleen for various cell subsets.

High Capacity complementary DNA (cDNA) Reverse Transcription
Kit (Life Technologies, Carlsbad, CA). Diluted cDNA was used for real-
time gPCR in TagMan assays for the detection of codon-optimized
Munc13-4. Levels of the Munc13-4 transcript were normalized against
levels of endogenous glyceraldehyde-3-phosphate dehydrogenase
transcripts. The PCRs were performed on a Viia7 Real-Time PCR
System (ThermoFisher Scientific).

Quantification of viral titers

The LCMV load in the liver was assayed using gPCR, as described
previously."" Briefly, cDNA was isolated from tissue samples and
analyzed with primers for LCMV (forward: 5’-TCTCATCCCAAC-
CATTTGCA-3'; reverse: 5'-GGGAAATTTGACAGCACAACAA-3')
and murine B-actin (forward: 5’-CCAGCAGATGTGGATCAGCA-3';
reverse: 5'-CTTGCGGTGCACGATGG-3'), using SYBR Green PCR
Master Mix (Applied Biosystems).

Statistics

Plots were generated using GraphPad Prism 6.0 (La Jolla, CA).
Sahpiro-Wilk test was used to evaluate the normal distribution of
the data. The significance was calculated using a Mann-Whitney
U test for IL-6 and tumor necrosis factor o (TNF-a) levels, a Kruskal-
Wallis multiple comparison for viral titer, and an unpaired Student
t test for all other parameters (specified in figure legends). P <.05
was considered significant.

Results

UNC13D gene transfer in murine HSCs does not alter
the development of the immune system

As described previously,® we designed a self-inactivating LV
carrying a codon-optimized human UNC 13D or GFP cDNA under
the control of a short elongation factor 1-a (EF1-a) promoter. In a
series of independent experiments, Scal™ bone marrow progen-
itors from Jinx CD45.2 donor mice were transduced ex vivo with a
Munc13-4- or GFP-expressing LV and transplanted into sublethally
irradiated Jinx recipients with a CD45.1/2 genetic background
(referred to henceforth as the J/Munc [n = 12] and J/GFP [n = 8]
groups, respectively) (Figure 1A). A group of mice (the J/B6 group,
n = 11) having received Scal™ cells from wild-type (WT) C57BL/6)J
mice served as a control group for the HSCT. Two other
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nonirradiated, nonmanipulated groups, WT (B6, n = 10) and Jinx
mice (Jinx, n = 10), were used as controls in all experiments.

Four to 6 months after transplantation, the percentage of donor
cells exceeded 90% in the bone marrow and spleen. There
were no significant differences between transplanted groups
(Figure 1B). Immune reconstitution was analyzed by quantifying
the percentage and the absolute number of the different
immune subsets in the spleen. In the 3 transplanted groups, the
percentages and the absolute counts of T cells (CD3™), B cells
(CD19™), natural killer cells (NK1.1™), and myeloid cells (CD11B™)
were similar to those measured in B6 mice (Figure 1C). To assess
the transduction efficacy of our LVs, some mice received Scal™
cells transduced with an LV expressing Munc13-4/GFP fusion
protein; 40% of Scal® cells were found to express Munc13-4/
GFP before infusion in mice (Figure 1D). Taken as a whole, these
data demonstrate that our LVs efficiently transduced murine
progenitor cells and did not alter the latter's lineage-specific
development.

The Munc13-4 transgene is stably expressed in
peripheral immune cells

Four to 6 months after transplantation, provirus integration in the
splenocytes resulted in a mean VCN per cell of 3.5 (1.3-5) in
J/Munc mice and 4.5 (2.4-6) in J/GFP mice. Human UNC13D
transgene mRNA was expressed in the recipients’ splenocytes in
average 1.85 times higher compared with endogenous Unc13d
mRNA in WT mice, but there was no correlation between the
quantity of transgene mRNA and the VCN (r = 0.52) (Figure 2A).
It should be noted that in experiments with a Munc13-4/GFP
fusion—expressing LV, transgene expression was detected in
>50% of bone marrow Scal™ cells and in the CD3*, CD4™,
CD8", CD19", CD11B™, and NK1.1" cell subsets in the spleen
(Figure 2B). Overall, these results confirm that HSC gene transfer
was followed by vector integration and expression of the human
transgene in peripheral immune cells.

UNC13D gene transfer rescues LCMV-infected Jinx
mice from HLH-like disease

WT and Jinx mice differ markedly in their response to LCMV
infection. Whereas WT mice show robust resistance to the virus,
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Figure 3. HLH-like manifestation after LCMV infection in different mouse groups. (A) Serum cytokine levels were assayed 8 days after LCMV infection. Levels were
lower in the treated groups (J/B6 and J/Munc) compared with nontreated controls. (B) Body weight and temperature were measured every 2 days postinfection; the intergroup
difference was significant at euthanasia (D14 postinfection). Body weight is presented as a percentage of the value on DO (the day of infection). (C) At euthanasia, the WBC
and RBC counts were measured. All data are presented as the mean =+ standard error of the mean. Sahpiro-Wilk test was used to evaluate the normal distribution of the data.
P values were calculated using a Mann-Whitney U test for IL-6 and TNF-« levels (which are not normally distributed) and an unpaired Student ¢ test for all other parameters.

*P <.05; P <.01; **P <.001; P < .0001. Hct, hematocrit.

Jinx mice display an intense immune response, T-cell activation, and
then HLH-like biological and clinical manifestations.’® In most
cases, elevated serum levels of IFN-y at day 8 postinfection
constitute the major biological manifestation in murine models of
HLH.®® In order to study the effect of UNC 13D gene correction of
HSCs on the pathogenic events in Jinx mice, we challenged the
animals with LCMV 4 to 6 months after transplantation, the time
point for a full peripheral whole blood cell reconstitution from long-
term HSCs. Age-matched B6 and Jinx controls were infected with
LCMV. The serum IFN-v levels in J/B6 mice and (more interestingly)
in J/Munc recipients were similar to that measured in B6 mice and
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significantly lower than those in J and J/GFP recipients (Figure 3A).
In murine models of HLH, the serum IFN-y peak at day 8
postinfection is associated with elevated serum levels of other
cytokines (especially IL-6 and TNF-a)."® In our experiment, the
serum levels of IL-6 and TNF-a followed the same pattern as the
IFN-y levels (ie, no difference vs B6 mice challenged with
LCMV, and lower levels than in the Jinx and J/GFP groups;
Figure 3A).

We hypothesized that the low serum levels of IFN-y and other
cytokines in gene-corrected animals would be accompanied by
attenuation of the severity of HLH-like disease. As expected

HEMATOPOIETIC STEM CELL GENE THERAPY FOR FHL3 2785
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Figure 4. Hepatomegaly and liver damage. (A) Liver weight is presented as a percentage of body weight. (B) Serum levels of aspartate transaminase (ASAT), alanine
transaminase (ALAT), and lactate dehydrogenase (LDH). Data are presented as the mean = standard error of the mean. P values were calculated using an unpaired Student

t test. (C) Hematoxylin and eosin staining of liver sections at day 14 postinfection. Inflammatory infiltrates are depicted with arrows (upper panel: 10X objective; lower panel:

25X objective). Representative sections are shown. *P < .05; **P < .01; ***P < .001.

(compared with B6 mice), Jinx mice developed characteristics
clinical signs, such as body weight loss, a fall in body temperature,
and pancytopenia including low white blood cell (WBC) and red
blood cell (RBC) counts, and a low hematocrit, 14 days post-
infection (the time at which the mice were euthanized in the present
study based on previous published data on HLH manifestation in
murine models®'""'%) (Figure 3B-C). It is noteworthy that GFP gene
transfer (in the JJGFP group) had no beneficial effects on these
biological signs. Remarkably, we found that treatment with gene-

2786 SOHEILI et al

corrected HSCs in the J/Munc group lessened the fall in body
temperature and the body weight loss to the levels seen in the J/B6
group (Figure 3B). Gene correction also rescued LCMV-infected
Jinx mice from the development of cytopenia, as demonstrated by
an increase in the WBC and RBC counts and the hematocrit
(Figure 3C).

Hepatomegaly was also found to be attenuated in both the
J/MMunc and J/B6 groups, relative to the nontreated Jinx and J/GFP
mice (Figure 4A). In accordance with this observation, plasma
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Figure 5. Functional and phenotypic characterization of CD8" CTLs. (A) To assess degranulation activity, splenic CD8™ T cells were stimulated with murine anti-CD3
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murine B-actin. The data are presented in a box plot, and P values were determined using a Kruskal-Wallis test for multiple comparisons. Representative fluorescence-activated
cell sorter plots (C) and a bar graph (D) showing the distribution of CD8" T-cell subsets (mean + standard deviation) at euthanasia (Ty: CD62L*CD44 ~; Tey: CD62L"

CD44"; Tey: CD447CDB2L"). *P < .1; *P < .01; **P < .001; ***P < .0001.

levels of the liver damage biomarkers aspartate transaminase, alanine
transaminase, and lactate dehydrogenase were significantly lower
in both treated groups and were thus similar to the values measured
in control B6 mice (Figure 4B). In addition, liver sections evidenced
prominent inflammatory foci in Jinx and J/GFP groups, barely
detected in B6 and treated mice (Figure 4C).

Taken as a whole, these data demonstrate that the ex vivo
correction of Munc13-4 deficiency in HSCs enabled Jinx recipients
to control inflammation and immune dysfunction and to avoid organ
damage after LCMV infection.

€ blood advances 26 bEcEMBER 2017 - vOLUME 1, NUMBER 27

UNC13D gene transfer into HSCs restores cytotoxic
function in CD8" cytotoxic T lymphocytes (CTLs) in
vitro and in vivo

To examine whether the reduction in HLH-like manifestations observed
in J/Munc mice was correlated with the restoration of CTL activity, we
evaluated the cells’ ex vivo degranulation capacity and in vivo cytotoxic
activity. In the ex vivo degranulation assay, splenocytes from infected
mice were incubated with murine ant-CD3 antibody. Unlke CD8*
splenocytes from Jinx or J/GFP mice, a significant proportion of
splenic CD8™ T cells from J/Munc mice demonstrated evidence of

HEMATOPOIETIC STEM CELL GENE THERAPY FOR FHL3 2787



degranulation as indicated by elevated cell surface expression of CD107a
(which accompanies the release of cytotoxic granules) (Figure 5A).

The CTLs' in vivo cytotoxic activity was indirectly assayed by
measuring LCMV titers in the liver following infection. As expected,
control B6 and J/B6 mice successfully restrain LCMV replication,
but Jinx and J/GFP mice failed to do so and presented with high viral
titers 14 days postinfection (Figure 5B). Interestingly, we observed
that J/Munc mice presented with lower viral titers in the liver than
control J/GFP mice did.

Phenotypic analysis of CD8" splenocytes demonstrated that the
majority of the latter cells had an effector memory T-cell phenotype
(CD44M9"CD62L7) in all experimental groups (Figure 5C-D). This
observation indicated that the expression of human Munc13-4 did
not alter the CTLs' final differentiation into the effector phenotype
and confirmed that the failure to clear LCMV (as observed in Jinx
and J/GFP mice) is because of a pronounced defect in de-
granulation rather than in antigen triggering or activation.

Overall, our results show that the improvement in clinical and
biological parameters of HLH-like disease observed in gene-
corrected J/Munc group was correlated with the restoration of the
CTLs' cytotoxic effector functions in vitro and in vivo.

Discussion

In the present study, we evaluated the efficacy of HSC gene
therapy in a murine model of FHL3 (ie, a strain showing signs
consistent with the human disease). The LV used in this study
efficiently transduced murine Scal™ progenitor cells and drove
the Munc13-4 expression in differentiated cells. We found that
UNC13D gene transfer into HSCs significantly reduced the
manifestations of HLH induced by LCMV infection. The mecha-
nism of HLH attenuation in gene corrected animals was because
of the expression of Munc13-4 in CD8" CTLs, which allowed the
correction of the cells’ degranulation defect and the recovery of
effective cytotoxic activity and efficient viral restriction.

Our findings are consistent with prior reports on HSC gene transfer
in a perforin-deficient mouse model, demonstrating the efficacy of
this strategy for restoring cytotoxic function in CTLs and correcting
biological parameters (especially the WBC and RBC count and the
serum IFN-y level) in a HLH-like setting.'” One important aspect of
the present study is that HSC gene correction with a Munc13-4-
expressing LV not only corrected biological manifestation of HLH,
but above all enabled effective viral clearance and recovery from
liver damage. Unlike perforin (the expression of which is restricted to
mature T and NK cells), Munc13-4 is ubiquitously expressed in
human and mice,'® and so its vector-derived expression in HSCs
may be less likely to induce undesirable side effects. Our results
confirmed this hypothesis, as even the use of an LV with a short EF1-
o ubiquitous promoter was not associated with an abnormal lineage-
specific commitment of HSCs for up to 6 months after gene transfer.
However, we are planning further preclinical studies under good
laboratory practice conditions to assess the most important long-term
adverse effect of gene transfer strategies (ie, off-target genotoxicity)
in more detail.

We did not observe a correlation between the VCN and mRNA
expression. It should be borne in mind that the LV construct used in
this study encoded a human codon-optimized Munc13-4; hence,
this human protein might not be optimally expressed in a murine
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background. In a clinical trial, one would expect to see optimized
transgene expression and thus greater efficacy.

In previous work, we highlighted the potential of T-cell gene
correction for FHL3 patients, given that the main defect in FHL3
is the absence of T-cell cytotoxicity.* If approved by regulatory
bodies, the use of gene-corrected autologous T cells would be a
treatment option for FHL3 patients. However, it has recently
been demonstrated that (1) NK cell cytotoxicity has a distinct
immunoregulatory role in HLH disease,'® and (2) Munc13-4 has
a critical function in platelets and neutrophils.2°2% By using an
LV coding for a Munc13-4/GFP fusion protein, our present study
demonstrated that gene transfer into murine HSCs resulted in
transgene expression in all the hematopoietic lineages, including
NK and myeloid cells. Thus, HSC gene correction (providing
multilineage Munc13-4 expression) might be a valuable treat-
ment option for FHL3 in patients. We aim to evaluate the efficacy
of both strategies (T cell-based and HSC-based) in 2 in-
dependent phase 1/2 clinical trials. Slow T-cell reconstitution is
regarded as being primarily responsible for poor infection
control, the occurrence of graft-versus-host disease, and relapse
after HSCT.?* Hence, at a later step and according to results
achieved in the separate trials, patients could be transplanted
with gene-corrected autologous HSCs as a curative long-term
treatment and with gene-corrected autologous T cells.

It should be also noted that other proposed strategies like the
administration of Janus kinase 1/2 (JAK1/2) inhibitors in HLH
mouse models demonstrated an efficient remission from systemic
inflammation but still could not restrict viral proliferation.'®2° JAK1/2
inhibitors might provide an additional benefit if administered prior to
the infusion of gene-corrected HSCs (a definitive curative approach
for HLH disease).

Overall, the present study set out the rationale for curative
Munc13-4 gene therapy in FHL3. In the future, the use of this type of
autologous cell-based strategy in a clinical trial might provide further
tools for progressing the field of personalized medicine.
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